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To evaluate the influence of left ventricular chamber stiff- 
ness and relaxation on Doppler echocardiographic indexes 
of diastolic function, 35 patients (mean age 60 -C 12 years) 
were examined; 24 had coronary artery disease and 11 
(Group I) had no cardiovascular disease. Micromanometer 
left ventricular pressure was recorded simultaneously with 
Doppler echocardiograms of mitral valve inflow and M- 
mode echocardiograms of left ventricular diameter. The 
chamber stiffness constant (k) was derived from the pres- 
sure-diameter relation. Relaxation was assessed by the 
isovolumic relaxation time constant (7) derived from the 
exponential left ventricular pressure decay. The patients 
with coronary artery disease were classified into two groups 
on the basis of complete (Group II; n = 10) and incomplete 
(Group HI; n = 14) relaxation. 
In Group I (no coronary disease), significant correla- 
tions were demonstrated between the chamber stiffness 
constant and the peak early filling velocity (r = 0.73; p < 
0.02), peak early to atrial filling velocity ratio (r = 0.82; 
p < O.OOS), atrial time-velocity integral (r = -0.73; p < 
0.02), early to atrial time-velocity integral ratio (r = 0.70; 
p < 0.05), percent atrial contribution to filling (r = -0.64; 
p < 0.05) and one-half filling fraction (r = 0.73; p < 0.02). 
In Group II (coronary disease with complete relaxation), 
the chamber stiffness constant correlated with peak early 
filling velocity (r = 0.68; p < 0.05), early ling time- 
velocity integral (r = 0.65; p < 0.05) and early to atrial 
time-velocity integral ratio (r = 0.74; p < 0.02). No 
correlations between k and Doppler indexes were found in 
Group HI (coronary disease with incomplete relaxation). 
However, Group HI demonstrated significant correlations 
between T and the peak early filling velocity (r = -0.71; 
p < O.OOS), percent atrial contribution to filling (r = 0.56; 
p < 0.05) and mean acceleration rate of early filling (r = 
-0.79; p < 0.002). 
Thus, in subjects with normal relaxation, increasing 
chamber stiffness was associated with an enhanced peak 
early filling velocity and volume and decreased filling 
during atrial systole. This finding differs strikingly from the 
proposed influence of chamber stiffness on diastolic filling 
postulated by several researchers. Increasing impairment 
in relaxation correlated with a decreased peak velocity and 
mean acceleration rate of early filling and increased atrial 
contribution to filling. Chamber stiffness and relaxation 
have conirasting influences on the pattern of diastolic filling 
as assessed by pulsed Doppler echocardiography. 
(J Am Co11 CardiolI989;13:327-36) 
Doppler echocardiographic-derived indexes of left ventricu- 
lar inflow velocity may provide a clinically useful measure of 
left ventricular diastolic function (l-3). Detailed analysis of 
the transmitral inflow velocity contour has demonstrated 
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striking differences in the pattern of diastolic filling of normal 
individuals as compared with patients with a variety of 
cardiovascular disease states associated with impaired dia- 
stolic function such as hypertension, coronary artery disease 
and left ventricular hypertrophy (4-7). In young to middle- 
aged normal individuals, the ratio of the peak filling veloci- 
ties during early diastole and atrial systole is usually 21 
(5,8,9). In patients with impaired diastolic function due to 
hypertension, coronary artery disease or left ventricular 
hypertrophy, the ratio is often decreased (2,_5-&IO). Many 
researchers (5,l l-15) have speculated that this alteration in 
the inflow velocity contour may be caused by increased 
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passive chamber stiffness. The effect of increased passive 
chamber stiffness on the Doppler echocardiographic left 
ventricular inflow velocity contour in humans has not been 
fully elucidated (16,17). However, impairment of left ven- 
tricular relaxation in humans is known to reduce the rate of 
early diastolic filling (18-20) and could potentially reverse 
the early diastolic to atrial systolic filling velocity ratio. 
We designed the present study to determine the influence 
of left ventricular chamber stiffness and relaxation on Dop- 
pler echocardiographic derived variables of diastolic func- 
tion. 
Methods 
Study patients. Thirty-five patients (28 men and 7 wom- 
en) with a mean age of 60 + 12 years (age range 37 to 81) 
undergoing diagnostic cardiac catheterization for evaluation 
of chest pain constituted the study population. Twenty-four 
patients had significant coronary artery disease defined as 
~50% reduction in luminal coronary angiographic diameter 
of one or more coronary arteries. Nine patients had single 
vessel and 15 had multivessel coronary artery disease. Six 
patients had a prior myocardial infarction (inferior in four 
and anterior in two) confirmed by segmental akinetic wall 
motion on contrast ventriculography. The segment involved 
in each of these patients was small as assessed by echocar- 
diography and contrast ventriculography. Eleven patients 
had no demonstrable coronary or valvular heart disease. No 
patient had evidence for mitral or aortic regurgitation as 
assessed by contrast ventriculography and Doppler echocar- 
diography. All patients were in sinus rhythm during the 
study. The study was approved by the Institutional Review 
Board on human studies at St. Louis University Medical 
Center. Written informed consent was obtained from all 
patients. 
Study protocol. All studies were performed in the cardiac 
catheterization laboratory after an overnight fast. Routine 
premeditations (for example, diphenhydramine and diaze- 
pam) were not withheld. All hemodynamic and echocardio- 
graphic recordings were obtained before coronary angiogra- 
phy with the subject breathing quietly in the supine position. 
Left heart catheterization was performed with the use of a 
7F ventriculographic micromanometer-tipped catheter (Mil- 
lar Instruments) introduced through a femoral artery sheath. 
Hemodynamic tracings, echocardiograms and a single lead 
electrocardiogram (ECG) were simultaneously obtained and 
displayed on echocardiographic paper at a speed ot’ 100 
mm/s. Ventriculography was performed with the use of 
commercially available contrast agents. 
Hemodynamic studies. The micromanometer-tipped cath- 
eter was warmed to body temperature and zero reference 
was set by matching to the fluid-filled lumen of the catheter 
whose zero reference was set to atmospheric pressure at the 
mid chest level. The micromanometer-tipped catheter was 
Figure 1. Simultaneous recording of M-mode echocardiogram, left 
ventricular (LV) pressure tracing, dP/dt signal and electrocardio- 
gram (ECG). The diastolic interval from which the pressure- 
diameter relation was derived is shown from minimal LV pressure to 
the peak A wave. dP/dt = first derivative of left ventricular pressure. 
positioned in the mid left ventricular chamber to measure left 
ventricular pressure and time derivative of the left ventric- 
ular pressure (dP/dt) obtained by electronic differentiation. 
Hemodynamic tracings were recorded simultaneously with 
M-mode echocardiograms of the left ventricle and pulsed 
mode Doppler recording of transmitral valve flow (Fig. 1 and 
2). 
Figure 2. Simultaneous recording of pulsed Doppler echocardio- 
gram of mitral inflow, left ventricular (LV) pressure tracing and dP/ 
dt signal. Several Doppler variables are shown. The isovolumic 
pressure decay from which isovolumic relaxation time (7) was 
derived is depicted from P, to mitral valve opening (MVO). P, = 
onset of left ventricular pressure during isovolumic decay; PE = 
peak early filling velocity; PA = peak atria1 filling velocity; Ei = 
early time-velocity integral; Ai = atrial time-velocity integral. 
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Diastolic function indexes. The chamber stiffness con- 
stant (k) was obtained by digitizing the left ventricular 
pressure tracing and endocardial surfaces of the left ventric- 
ular septum and posterior wall over the diastolic time period 
from minimal left ventricular pressure to the peak of the A 
wave (Fig. I). The instantaneous pressure-diameter relation 
was derived and fit to the following empirical exponential 
equation (21.22): 
P = Aek”. (I) 
where P = left ventricular diastolic pressure, A = data 
constant, k = chamber stiffness constant and D = left 
ventricular diameter. 
Thr chamber stiffness constant (k) was calculated as the 
slope of the linear function relating the natural logarithm of 
pressure to diameter: 
In P -: kD t In A. (2) 
A linear least squares method was used to find the slope of 
the line of best fit. The mean correlation coefficient for the 
chamber stiffness constant (k) was 0.94 2 0.03 and 0.93 -C 
0.05 in the normal group and the patients with coronary 
artery disease, respectively (p = NS). 
The isovolumic rdaxation time constant (7) was obtained 
by digitizing the left ventricular pressure tracing over the 
time interval from the maximal negative dP/dt to a left 
ventricular pressure 5 mm Hg above the end-diastolic pres- 
sure (Fig. 2). Tau (7) was calculated by the method of Raff 
and Glantz (23), where Tequals the negative reciprocal of the 
slope relating dP/dt to pressure. The completeness of relax- 
ation was determined by an extrapolation of the technique of 
Weisfeldt et al. (24), which assumes relaxation to be >94o/r 
complete at 3.0 time constants (55) after maximal negative 
dP/dt. If the number of 7s elapsed at the time of the lowest 
diastolic pressure was ~3.0, relaxation was called incom- 
plete. The mean correlation coefficient for 7 was 0.980 -t- 
0.012 and 0.975 t 0.015 in the normal subjects and coronar) 
artery disease groups, respectively (p = NS). Additional 
hemodynamic variables obtained included the maximal neg- 
ative dP/dt. left ventricular peak systolic pressure and end- 
diastolic pressure. Left ventricular end-diastolic pressure 
was measured at the onset of the QRS complex. The value of 
the variables reported are the average of five consecutive 
cardiac cycles. 
Echocardiographic and Doppler studies. Ultrasound stud- 
ies used a commercially available phased array echocardio- 
graphic-Doppler system (Hewlett Packard model 77020) that 
had 2.5 or 3.5 MHz transducers for M-mode and two- 
dimensional echocardiography and 2.0 or 2.5 MHz transduc- 
ers for Doppler echocardiography. M-mode echocardio- 
grams were recorded of the left ventricular septum and 
posterior wall immediately below the mitral valve leaflets 
from the two-dimensional parasternal short-axis image. A 
two-dimensional apical four chamber view was recorded 
with care to maximize the diameter of the mitral anulus. 
Pulsed wave Doppler interrogation of mitral valve inflow 
was then performed with use of the two-dimensional image 
to align the sample volume cursor perpendicular to and at the 
level of the mitral anulus with minor transducer adjustments 
being made to obtain optimal spectral display (highest ve- 
locity with least spectral dispersion). M-mode and Doppler 
echocardiography were recorded simultaneously with left 
ventricular pressure on various pressure scales (40, 100 and 
200 mm Hg scales). 
M-mode echocardiographic analysis. With the use of a 
PC/AT computer interfaced with a Summagraphics digitizing 
tablet (resolution of 1,000 dots/in.) and custom-developed 
software, the left ventricular posterior and septal endocar- 
dial surfaces of five consecutive cardiac cycles from the 
M-mode echocardiogram were digitized at a level immedi- 
ately below the mitral valve leaflets. Individual variables 
were obtained from each cardiac cycle and averaged. Vari- 
ables obtained included the left ventricular end-diastolic and 
end-systolic dimensions as defined by the internal diameter 
at the onset of the QRS complex and the minimal internal 
diameter, respectively. Left ventricular mass was calculated 
by the modified formula of Devereux et al. (25). 
Doppler analysis. Analysis of the Doppler transmitral 
inflow velocity recording was performed as previously de- 
scribed (4.26) (Fig. 2). The Doppler velocity curve of five 
consecutive cardiac cycles was digitized through the darkest 
gray scale and the variables obtained were averaged. Early 
and atrial filling phases were separated at the slope of early 
filling and the acceleration slope of atrial filling. An imagi- 
nary vertical line from this point was extrapolated to the zero 
velocity baseline. If a definite diastasis period was evident, 
the deceleration slope of early filling and the acceleration 
slope of atria1 filling were extrapolated to the zero velocity 
baseline. 
Variables o~diastolic,,function inclrrtic~d: I) peak early and 
peak atrial filling velocities: 2) time-velocity integrals of the 
early. atrial and total filling velocity curve: 3) percent atrial 
contribution to filling (calculated as [atrial time-velocity 
integral + total time-velocity integral] x 100) and one-half 
filling fraction (calculated as fractional percent of time- 
velocity integral occurring during the first half of diastole): 
and 4) pressure half-time (27), time from the onset of mitral 
inflow to the time of peak early filling velocity (time-E) and 
mean rate of acceleration of early filling velocity (calculated 
as the peak early filling velocity + time-E). As a measure of 
the balance between early and late diastolic filling, the peak 
early to atrial filling velocity and the early to atrial time- 
velocity integral ratios were calculated. Decreases in these 
ratios have been shown to reflect increasing impairment in 
left ventricular diastolic function (1,2,9, IO). 
Ventriculographic analysis. The end-systolic (minimal 
volume) and end-diastolic (maximal volume) left ventricular 
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Table 1. Clinical, Hemodynamic and M-Mode Echocardiographic Variables in 35 Patients 
Variable 
Group I 
(n = II) 
Groups II 
and 111 
(n = 24) 
Group I1 
(n = IO) 
Group III 
(n = 14) 
Age (yr) 552 13 632 10 6029 652 II 
Heart rate (beatslmin) 692 II 66?8 66+5 66 + 9 
Peak LVP (mm Hg) 141 ? 31 137 + 24 128 + 21 144 2 26 
LVEDP (mm Hg) 16 + 5 18 -+ 5 19 5 5 18 ? 5 
7 (ms) 562 17 70? 21 50 + 7 84 r 14*1 
k (mm-‘) 0.758 If: 0.238 0.807 + 0.423 0.801 ? 0.427 0.812 ? 0.438 
max -dP/dt (mm Hgls) 1,742 lr 412 I.500 t 273$ 1.597 rt 241 1,432 2 283$ 
Ejection fraction (%) 752 13 63 r 15% 64+ 13 62 ? 18$ 
LVEDD (mm) 48 ? 8 51 r7 50 2 6 52 + 7 
SWT and PWT (mm) 18 + 3 20 t 4 19 + 3 21 +4 
LVM (g) 150 2 40 191 ? 52$ 172 + 43 204 _f 55% 
*p < 0.002 versus Group I; fp < 0.002 versus Group II: %p < 0.05 versus Group I. dP/dt = maximal rate of rise 
in pressure; Group I = control group; Group II = patients with coronary artery disease and complete relaxation; 
Group 111 = patients with coronary artery disease and incomplete relaxation: k = chamber stiffness constant; 
LVEDD = left ventricular end-diastolic diameter; LVEDP = left ventricular end-diastolic pressure; LVM = left 
ventricular mass: LVP = left ventricular systolic pressure; max -dP/dt = maximal negative of first derivative of left 
ventricular pressure; SWT and PWT = sum of septal wall thickness and of posterior wall thickness at end-diastole. 
angiographic frames in a single plane 30” right anterior 
oblique projection were digitized. Volumes were calculated 
with use of the area-length method (28). The ejection fraction 
was calculated as follows: [end-diastolic volume - end- 
systolic volume/end-diastolic volume]. 100. 
Statistical analysis. Values are expressed as mean ? I 
SD. A two-tailed paired Student’s t test was used for 
comparisons within a group. A two-tailed unpaired Student’s 
t test was used for comparisons between the control group 
and the total group of patients with coronary artery disease. 
Differences among multiple groups were examined with 
analysis of variance (SchetE F test). Correlations between 
echocardiographic and hemodynamic measurements were 
sought with the use of least-squares linear regression analy- 
sis. A value <0.05 was considered significant. 
Results 
Clinical, hemodynamic and echocardiographic data (Ta- 
bles 1 and 2). The 11 patients without coronary artery or 
valvular heart disease constituted the control group (Group 
I). In comparison with Group 1, the coronary artery disease 
group had impaired left ventricular relaxation as reflected by 
a reduced maximal negative dP/dt (1,742 -+ 412 versus 1,500 
Table 2. Doppler Echocardiographic Variables in 35 Patients 
Variable 
Group I 
(n = II) 
Groups II 
and 111 
(n = 24) 
Group II 
(n = 10) 
Group 111 
(n = 14) 
PE (cm/s) 48.8 + 10.4 60.2 + 15.6* 64.6 + 18.7* 57.0 ? 12.7 
PA (cm/s) 52.1 ‘- 12.0 57.1 _+ 15.6 51.8 + 17.9 60.9 -c 15.5 
PElPA 0.96 + 0.14 1.21 + 0.71 1.54 -c 0.97* 0.98 + 0.31t 
Ei (cm) 7.1 -c 1.5 8.8 + 3.3 9.3 ? 3.4 8.4 + 3.2 
Ai (cm) 4.4 -c 0.8 5.1 + 1.5 4.7 + 1.9 5.3 + 1.0 
EilAi 1.62 ‘- 0.35 1.97 + 1.19* 2.49 + 1.59* 1.61 + 0.63* 
TVi (cm) 11.5 * 2.0 14.3 ? 3.5* 14.3 ? 3.2 14.3 + 3.8* 
%AC (%) 39 ? 5 37 + 13 34+ 15 39t 12 
112 FF (%) 48 I? 9 57-+ IO 60+ 12 55 ? 9 
E wave act (cm/s”) 746 + 87 949 + 336 969 + 359 935 r 331 
Time E (ms) 71 + I5 682 17 73 ? 22 652 13 
Pressure half-time (ms) 602 16 61 z! 17 61 ” 18 61 + 16 
*p < 0.05 versus Group I: tp < 0.05 versus Group II. Ai = time-velocity integral during atrial systole; E wave 
act = mean E wave acceleration; Ei = time-velocity integral of early filling: EiiAi = Ei to Ai ratio: 112 FF = one-half 
filling fraction: PA = peak atrial filling velocity: PE = peak early filling velocity: PEiPA = PE to PA ratio; %AC = 
percent atrial contribution to filling: Time E = interval from onset of filling to PE: TVi = total time-velocity integral. 
Group definitions as in Table I. 
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Table 3. Correlation Matrix of Chamber Constant (k) and 
Doppler Variables 
Chamber Stiffness Constant (k) 
Group I Group I1 Group 111 
Doppler Variable fn = 10) (n = 10) (n = 14) 
PE 0.73* 0.68+ -0.014 
PA -0.28 -0.48 -0.30 
PEiPA 0.821 0.52 0.22 
Ei 0.62 0.6S 0.15 
Ai -0.73” -0.52 0.05 
Ei/Ai 0.70: 0.74* 0.11 
%AC -0.64+ -0.56 -0.12 
112 FF 0.73s 0.67 0.23 
*p < 0.02: tp < 0.05: Sp < 0.005. Abbreviations and group definitions as 
in Tables 1 and 2. 
t 273 mm Hg/s; p < 0.05) and increased 7 (isovolumic 
relaxation time) (56 ? 17 versus 70 ? 21 ms; p = 0.067). Of 
the patients with coronary artery disease, 10 (Group 11) had 
evidence of complete relaxation and 14 (Group III) had 
incomplete relaxation, as defined by the method of Weisfeldt 
et al. (24). One subject in the control group had incomplete 
relaxation. rand maximal negative dP/dt in Group I were not 
significantly different from values in Group II. However, in 
Group III. 7 was significantly prolonged and maximal nega- 
tive dP/dt was reduced. 
The chumher stiffness constunt (k) in one patient in Group 
I could not be determined because of technically inadequate 
delineation of the endocardial surface throughout diastole. 
Chamber stiffness as measured by k was slightly greater in 
Groups II and III than in Group I(O.801 + 0.427 and 0.812 I 
0.438 versus 0.758 _t 0.238 mm-‘), but did not reach 
statistical significance. 
Peak /eft ventricular pressure, left ventricular end- 
diastolic pressure and heart rate were not significantly dif- 
ferent among the groups. Ejection fraction was higher in the 
control group compared with that in Group III (75 t 13 
versus 62 + 18%; p < 0.05). 
The peak emrly filling velocity in Group I (48.8 2 10.4 
cm/s) was less than that in Group II (64.6 f. 18.7 cm/s; p < 
0.05) but not significantly different from that in Group III. 
The peak filling velocity during atrial systole was not dif- 
ferent among the groups. The peak early to atria1 filling 
velocity ratio was lower in Group 1 as compared with that in 
Group II (0.96 2 0.19 versus 1.54 + 0.97; p < 0.05). The 
peak early to atrial filling ratio in Group III did not differ 
from that in Group II. The early to atrial time-velocity 
integral ratio was significantly less in Group I as compared 
with that in Group II. The one-half filling fraction, percent 
atrial contribution to filling, time-E and pressure half-time 
were not significantly different among the groups. Other 
Doppler-derived indexes of diastolic filling are shown in 
Table 2. 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 
CHAMBER STIFFNESS CONSTANT WII-‘) 
Figure 3. Correlation of peak early filling velocity with left ventric- 
ular chamber stiffness constant in the control group. 
The left ventricular end-diastolic dimension and septal 
wall plus posterior wall thickness among all groups were not 
significantly different. However, left ventricular mass was 
higher in Group III than in Group I(204 t 55 versus 150 2 
40 g; p < 0.05). The trend for a slightly greater wall thickness 
and end-diastolic diameter explains the significantly higher 
left ventricular mass in Group III. 
Correlation of Doppler indexes with chamber stiffness 
(Table 3). In Group I, chamber stiffness (k) showed signih- 
cant correlations with peak early filling velocity (r = 0.73; 
p < 0.02). peak early to atria1 filling velocity ratio (r = 0.82; 
p < 0.005) atrial time-velocity integral (r = -0.73; p < 
0.02), early to atrial time-velocity integral ratio (r = 0.70; 
p < 0.05) percent atria1 contribution to filling (r = -0.64; p 
< 0.05) and one-half filling fraction (r = 0.73: p < 0.02) (Fig. 
3 and 4). Group II (complete relaxation) demonstrated 
similar trends in correlations with k: significant correlations 
were noted between k and peak early filling velocity (r = 
0.68; p < 0.05). early filling time-velocity integral (r = 0.65: 
p < 0.05) and early to atrial time-velocity integral ratio (r = 
0.74; p < 0.02). Group III (incomplete relaxation) showed no 
correlation between k and Doppler indexes. 
Correlation of Doppler indexes with relaxation (Table 4). 
Group III (incomplete relaxation) demonstrated significant 
correlations between isovolumic relaxation time (T) and peak 
Figure 4. Correlation of peak early with atrial filling velocity ratio 
(E/A) with left ventricular chamber stiffness constant in the control 
group. 
1.4 
1.3 
< 1.2 i /’ 
c ,  ,  ,  
0.4 0.6 0.8 1.0 1.2 
CHAMBER STIFFNESS CONSTANT (mm -‘) 
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Table 4. Correlation Matrix of Relaxation Time Constant (4 and 
Doppler Variable 
Relaxation Time Constant (7) 
Group I Group II Group 111 
Doppler Variable (n = II) (n = IO) (n = 14) 
PE -0.51 -0.46 -0.71* 
PEIPA -0.28 -0.47 -0.10 
Ei -0.49 -0.25 -0.43 
EilAi -0.38 -0.26 -0.31 
%AC 0.33 0.32 0.56t 
E wave acceleration 0.15 -0.36 -0.79f 
*p < 0.005; ip < 0.05; $p < 0.002. Abbreviations and group definitions as 
in Tables I and 2. 
early filling velocity (r = -0.71; p < 0.005). percent atrial 
contribution to filling (r = 0.56; p < 0.0% total time-velocity 
integral (r = -0.63; p < 0.02) and mean acceleration rate of 
early filling (r = -0.79; p < 0.002) (Fig. 5 and 6). Groups I 
and II showed similar trends but correlations did not reach 
statistical significance. Heart rate did not correlate with any 
of the Doppler indexes. 
Discussion 
Influence of chamber stiffness on the pattern of diastolic 
filling. The left ventricular diastolic filling pattern is deter- 
mined by the complex interaction of multiple factors includ- 
ing the intrinsic properties of the heart, such as chamber 
stiffness and relaxation, and extrinsic factors, such as load- 
ing conditions. Multiple indexes of diastolic filling have 
been derived with use of Doppler echocardiography in an 
attempt to assess noninvasively intrinsic myocardial 
properties (that is, diastolic function). However, few studies 
have been reported (16,17) correlating Doppler-derived in- 
dexes of diastolic filling with invasive variables of diastolic 
function. 
In the present study, chamber stiffness correlated with 
Doppler variables in the control group (Group 1) and the 
patients with coronary artery disease who had no impair- 
Figure 5. Correlation of peak early filling velocity with the isovol- 
umic relaxation time constant in the patients with coronary artery 
disease and impaired relaxation. 
d--Y---. v--v-- 
70 80 90 100 110 120 
ISOVOLUMIC RELAXATION TIME CONSTANT (nr) 
70 80 90 100 110 120 
ISOVOLUMIC RELAXATION TIME CONSTANT (-1 
Figure 6. Correlation of mean rate of acceleration of early filling (E) 
with isovolumic relaxation time constant in the patients with coro- 
nary artery disease and impaired relaxation. 
ment in relaxation (Group II). Importantly, increasing cham- 
ber stiffness was associated with enhanced early filling and 
decreased filling during atria1 systole. Analogously, peak 
early filling velocity was increased and peak filling velocity 
during atria1 systole tended to decrease, resulting in an 
increased peak early to atria1 filling velocity ratio. Some 
researchers (5,11-15) have proposed that increased left 
ventricular chamber stiffness may be responsible for a de- 
creased peak early to atrial filling velocity ratio. However, in 
these studies chamber stiffness was assumed to be the 
predominant pathophysiologic determinant of the diastolic 
filling pattern. 
Prior preliminury studies (16,17) ure consistent with our 
findings. Drinkovic et al. (16) demonstrated in 20 patients an 
inverse correlation between left ventricular passive elas- 
tance (dV/VdP) and peak early to atria1 filling velocity and 
time-velocity integral ratios. Thus, decreasing elastance 
(that is, increasing stiffness) is associated with enhanced 
early filling relative to filling during atria1 systole. Harlamert 
et al. (17) recently showed in seven normal subjects that an 
acute increase in operative chamber stiffness decreases the 
percent atria1 contribution to filling. 
The left ventriculrrr diastolic pressure-volume relation 
hrts been estensivel_v used to churacterize chamber stifness 
(20,29-31). However, the pattern of left ventricular filling is 
not readily discernible from the pressure-volume relation 
because the temporal sequence of change in volume is not 
displayed. Also, other interacting factors influence the pat- 
tern of filling such as the rate of left ventricular relaxation, 
left atria1 pressure and compliance, timing of atria1 systole, 
dynamic change in mitral anulus area and heart rate (l&32- 
36). However, if these factors remained constant, we postu- 
late that as the pressure-volume relation becomes steeper 
(that is, chamber stiffness increases) the atria1 contribution 
to filling will diminish (Fig. 7). Given constant atria1 contrac- 
tility, we predict that an atria1 contraction occurring on a 
steeper as opposed to a Aat pressure-volume curve would 
eject less volume. This reduction would lead to a greater 
residual volume in the atrium after contraction and, given a 
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Variable Chamber Stiffness 
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Figure 7. Effect of chamber stiffness on diastolic filling. Schematic 
of left ventricular pressure-volume relation (left) and Doppler 
transmitral velocity profile (right) for ventricle with normal (nl) and 
abnormal (abnl) stiffness. As chamber stiffness increases and other 
factors that influence the filling pattern remain constant (for exam- 
ple, relaxation), early filling increases and atria1 contribution is 
diminished. 
constant left atrial venous return, would increase left atria1 
volume and pressure before ventricular filling. This in- 
creased left atria1 pressure could account for an increased 
rate and volume of filling during early diastole (33,34). 
Several studies support this hypothesis: 1) Greenberg et 
al. (37) showed that, as left ventricular filling pressure 
increases, atria1 systole is less effective in augmenting for- 
ward stroke volume. 2) Harlamert et al. (17) showed that an 
acute increase in operative chamber stiffness decreases the 
atria1 contribution to filling. 3) Channer et al. (38) demon- 
strated that increasing left ventricular end-diastolic pressure 
is associated with an increase in the volume and velocity of 
early diastolic filling relative to filling during atria1 systole. 4) 
Ishida et al. (33) demonstrated that increasing left atrial 
pressure by volume infusion augments the rate and volume 
of early diastolic filling. 
Influence of relaxation on the pattern of diastolic filling. In 
the present study, the control group (Group I) and the 
patients with coronary artery disease with unimpaired relax- 
ation (Group II) demonstrated insignificant correlations be- 
tween the isovolumic relaxation time (7) and Doppler in- 
dexes. This finding suggests that chamber stiffness has a 
greater influence than does relaxation on the pattern of 
diastolic filling in persons with normal relaxation. In con- 
trast, in the patients with coronary artery disease and 
impaired relaxation (Group III), Doppler indexes of filling 
significantly correlated with 7 but not chamber stiffness. 
Increasing T was associated with a decreasing peak early 
filling velocity and mean acceleration rate of early filling and 
increasing atria1 contribution. Several cardiovascular dis- 
ease states associated with diastolic dysfunction, such 
as hypertrophic cardiomyopathy, secondary hypertrophy, 
acute left ventricular ischemia and coronary artery disease, 
have abnormal left ventricular filling patterns characterized 
by a reduced peak early filling velocity, increased atria1 
contribution to filling and reduced acceleration rate of early 
filling (4-8,10,26). It is possible that abnormal relaxation was 
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Figure 8. Effect of relaxation on diastolic filling. Schematic of left 
ventricular pressure-volume relation (left) and Doppler transmitral 
velocity profile (right). Impairment in relaxation with constant 
chamber stiffness decreases early filling with a compensatory in- 
crease in the atrial contribution to filling. Abbreviations as in Figure 
7 
the predominant factor influencing filling in the patients 
studied by these researchers. 
The effect of left ventricular relaxation on early$lling has 
been extensively studied in animal models (32-35,39) and 
increasingly so in humans (l&40). Our results are consistent 
with those of Fioretti et al. (18), who demonstrated in I7 
patients with coronary artery disease an inverse correlation 
between 7 and the early ventricular filling rate (r = -0.72) 
and volume (r = -0.64). Pacing and exercise induced 
ischemia have been shown to impair left ventricular relax- 
ation and alter the early pressure-volume relation (32,40-42). 
Labovitz et al. (26) showed that ischemia induced by coro- 
nary balloon inflation during angioplasty decreases early 
diastolic filling volume and velocity relative to filling during 
atria1 systole. The results of these prior studies coupled with 
the findings of the present study would suggest that abnor- 
mal relaxation as opposed to chamber stiffness is the pre- 
dominant pathophysiologic mechanism influencing the pat- 
tern of diastolic filling during acute ischemia. 
The filling pattern may be strikingly different despite 
identical pressure-volume relation or chamber stiffness if left 
ventricular relaxation differs (Fig. 8). Impaired relaxation 
would reduce early diastolic filling with a compensatory 
increase in the atria1 contribution to filling. 
Effect of the interaction of chamber stiffness and relaxation 
on the diastolic filling pattern. In the present study, abnor- 
malities of chamber stiffness and relaxation were found to 
have contrasting influences on the pattern of ventricular 
diastolic filling in patients with coronary artery disease. 
Wigle (43) has postulated similar contrasting effects of im- 
paired relaxation and passive chamber stiffness in patients 
with hypertrophic cardiomyopathy. Impaired left ventricular 
relaxation was believed to be the predominant pathophysio- 
logic mechanism responsible for the decrease in early dia- 
stolic filling and compensatory increase in the atria1 contri- 
bution to filling. 
Importantly, abnormalities in both relaxation and cham- 
ber stiffness may potentially maintain the “normal” balance 
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between filling during early diastole and atria1 systole. Thus, 
many of the Doppler-derived indexes of diastolic function 
may appear normal (for example, peak early to atria1 filling 
velocity ratio and percent atrial contribution to filling). 
Numerous investigators (40,41,44-46) have reported abnor- 
mal left ventricular chamber stiffness and relaxation in 
patients with coronary artery disease. In the present study, 
the group of patients with coronary artery disease, impaired 
relaxation, increased left ventricular mass and slightly in- 
creased chamber stiffness had a diastolic filling pattern that 
closely resembled that of the control group. These findings 
may be explained by the net influences of relaxation and 
chamber stiffness on the pattern of diastolic filling. It would 
appear that coexisting and equally dominant abnormalities of 
chamber stiffness and relaxation may complicate the analy- 
sis of diastolic function by Doppler echocardiography and 
lower the sensitivity of several Doppler indexes for detecting 
diastolic dysfunction. Drinkovic et al. (12) found the early to 
atria1 time-velocity integral ratio to be insensitive for detect- 
ing abnormal chamber stiffness. A correlation between the 
chamber stiffness constant (k) and Doppler indexes was not 
found. However, left ventricular relaxation was not as- 
sessed. The coexistence of equally important abnormalities 
of chamber stiffness and relaxation may explain their find- 
ings . 
The factors that determine the temporal sequence of the 
onset and progression in abnormalities of left ventricular 
chamber stiflness and relaxation in patients with coronary 
artery disease are not entirely known. Myocardial ischemia 
and infarction may adversely affect both relaxation and 
chamber stiffness (32,40,41,44-4@. Thus, the temporal pro- 
gression in diastolic dysfunction will be complex and the 
alteration in the diastolic filling pattern would be difficult to 
predict. However, serial Doppler echocardiographic studies 
in well defined groups of patients with coronary artery 
disease may add greater insight into the progression of 
diastolic dysfunction in this disease. Doppler echocardiog- 
raphy has been useful in understanding the progression of 
diastolic dysfunction in other cardiovascular disease pro- 
cesses (49). 
Limitations of study. Multiple interacting factors influ- 
ence the pattern of left ventricular diastolic filling and 
include left atria1 pressure and compliance, left ventricular 
pressure and compliance, the dynamic change in mitral 
anulus area, heart rate and atria1 contractility (33-35). Some 
of these factors could not be directly measured. Transseptal 
puncture to measure left atria1 pressure was not clinically 
indicated and, thus, unwarranted. However, the influence of 
left atria1 pressure on left ventricular filling has been shown 
(34). The dynamic change in the mitral anulus area is not 
easily measured and is usually assumed to be constant (50). 
Heart rate could not be controlled, but it failed to correlate 
with any of the Doppler-derived indexes and it was not 
significantly different among the groups. The equation used 
to measure left ventricular chamber stiffness is empirical. 
Several exponential equations have been used to model the 
left ventricular diastolic pressure-diameter and pressure- 
volume relation (21,29-31). None of these equations have 
been validated in humans (30). The potential limitations of 
M-mode echocardiography in measuring ventricular volume 
in the setting of dysynergic wall motion are we!1 known. As 
a result, patients with significant wall motion abnormalities 
were not studied and diameter was used to calculate cham- 
ber stiffness as opposed to volume derived from the diameter 
measurement. 
Conclusions. Pulsed wave Doppler echocardiography is 
devoid of risk, allows instantaneous measurement of left 
ventricular filling and has been validated against more stan- 
dard techniques as an accurate means of measuring mitral 
valve inflow (1,2). As a result, it is assuming an increasingly 
important role in characterizing the pattern of left ventricular 
filling in various cardiovascular disease states associafed 
with diastolic dysfunction (4-&IO). In the present study, 
chamber stiffness correlated with Doppler indexes of diastol- 
ic function in subjects with normal relaxation. Increasing 
chamber stiffness was associated with an enhanced peak 
early filling velocity and volume and decreased filling during 
atrial systole. This finding differs strikingly from the effect of 
chamber stiffness on the pattern of diastolic filling postulated 
by several researchers (5,l I-15). However, in patients with 
coronary artery disease and incomplete relaxation, jncreas- 
ing impairment in relaxation correlated with a decreasing 
peak velocity and mean acceleration rate of early filling and 
increasing atrial contribution to filling. Thus, chamber stiff- 
ness and relaxation have contrasting influences on the pat- 
tern of diastolic filling. Importantly, combined abnormalities 
of relaxation and chamber stiffness may “normalize” sev- 
eral of the Doppler echocardiographic indexes of diastolic 
filling and considerably complicate the evaluation of diastol- 
ic function by this noninvasive technique. 
We acknowledge the excellent secretarial assistance of Susan Buenger 
Johnson in the preparation of this manuscript. 
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